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ERRATA

Change C’I:‘ to @ ‘
Add footnote as follows: C‘)) is Spacecraft total program
cost = TPC minus launch vehicle cost minus mission

support and SFO costs as shown on pages 28 and 42,

Under Section 5a, Nominal STPC, delete the second
. sentence reading: "The nomix;al program cost.. o
" Add the following after the last scenteace: The nominal
. STPC, defined as the sum of @; and the subtotal of
Mission Support and Space Flight Operations cost

shown on page 42, amounted to $874.4 million,

Change the title to read: Program Cost Summary

Change M. O. Equipraent to read: M.O. Training

Add the following footnote: To obtain @. the incremecnt
in systems integration cost, ent.er CER 12A with
cost ’:{Z: and obtain the increment in cost between
one spacecraft module and the applicable number of

spacecraft modules.

Under Electrical Power place an asterisk after Fuel Cell#

Add footnote below: *Whereas batteries may be a better

| engineering choice, fuel cells are shown to illustrate
the method,

Add $419.75 in (3 blank
Change sterilization cost from $80.20 million to $77.40
million and change the total to $1,040.43 million

Under Utilization of Cost Categories change "Fabrlcate

and Assemble Flight Hardwarc" to Fabricate,
Assemble and Test F.light Hardware :

Add footnote *% below: Design/Dsvelopment is defined as
Design, Fabricate and Assemble Test Hardware, and

Ground Developiment Testing.
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Appendix |
Exhibit 2B

e’

Exhibit 3B

Exhibit 8.6A
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2

/

' Chémgc cost (dollats per pouhd) to cost (dollars per

pound of thrust)

Change First Unit Cost - Dollars/Pound of Thrust, 103
. to First Unit Cost - Dollaxs/Pound of Unit Weight

Change Dollars per Watt/Hour and Output in Watt/Hours
to Dollars per Watt - Hour and Output in Watt - Hours

Delete learning cutve = 100%
:Change Design and Development cost = 0 to Design and

De\}elppment c¢ost = 100 x First Unit Cost

Under Batteries, delete second and third sentences

Under Mission Sensors, change IR spectometer to IR

spectrometer
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I. INTRODUCTION/SUMMARY

This document is the {inal report submitted under JPL Contract

No. 951468. The study performed under this contract can best be de-

scribed by listing the major tasks:

1. Develop a cost estimating technique for unmanned space
exploration missions based on applicable methodology and
pertinent data from the Space Planners Guide, United States
Air Force, Air Force Systems Command, 1 July 1965,

2. Describe the cost categories and estimating relétionships
developed and their relationship to the various phases of
a space project.

3. Provide a preliminary cost model based on initial efforts.

4. Demonstrate the use of the estimating technique by applica-
tion to two mission examples--one past mission, Mariner
1V, and one future mission, a combined Mars orbiting and
landing mission.

5. Perform a sensitivity analysis to determine the importance
of various cost categories and parameters in predicting
project costs:

a. The cost categories shall include, but not necessarily
be limited to, such items as design, development/
operations, and various subsystems.

b. The parameters shall include, but not necessarily be
limited to, such items as periodic launch schecule
and program changes,

6. Refine the previously developed cost estimating technique

as indicated by the sensitivity analysis.

7. Demonstrate the application of the refined cost estimating
technique by repeating the mission cost examples prepared
under item 4 above.

8. Prepare a final report showing:

a. A clear definition and description of all costing cate-

gories, relationships, and techniques developed.
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b. Documentation to substantiate engineering judaments
and identify data sources.
c. Results of the mission cost applications.
d. A discussion of the scope and accuracy of the cost

estimating techniques developed.

This final report has been prepared to satisfy two different de-
mands. One part of this report is de'oted to describing the develop-
ment of the cost model and to discussing the scope and accuracy of the
techniques and relationships. Other parts of this report are directed
toward space system costers; consequently, blank standardized forms
are provided in the Appendix to assist the user in obtaining rapid re-
sults for launch vehicle procurement costs and unmanned spacccraft
design, development, fabrication, ground testing, and space flight

operations costs,
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I, TECHNICAL DISCUSSION

A, General Approé.ch and Data Sources

In developing a cost model for unmanned space expldratiop mis«~
sions, the quantity, quality, and the cost categories used in the avail-
able data must be considered. There is no immediate advantage in
developing a cost model based on an elaborate framework of cost cat-
egories not used in the past, since this approach can only lead to a
maximum of judgments and possible errors in distributing costs to
new categories, ' '

The cost model shown in this report is based on minimizing the
number of engineering judgments required to distribute costs to the
categories chosen, The principal data sources are shown in Table I.
An inspection of this table shows that the data sources for this report .
are a combination of past studies, Planning Research Corporation's
Data Bank, recent industrial contacts with nine major launch vehicle
and spacecraft contractors, and an analysis of NASA and JPL cost data

on five past spacecraft systems.

B. Cost Categories and Relationships

Initially in this study effort, the cost categories thai appéared sig=
nificant were: launch vehicles, spacecraft, and support systems. These

_categories were later expanded to include:

° Design

o Manufacture hardware (or purchase)
o Facilities (build or inherit)

o Ground development testing

o Space fhght operations

These categories were then to be supported by appropriate detailed
cost-estimating relationships (CER's), Later in the study it became ap-
‘parent that insufficient data were available to separate design and ground
development testing into distinct cost categories, and launch vehicle de= |
velopment, as well as facilities, were recoghized to be beyond the scope
of this study. ' ’
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TABLE 1 - DATA SOURCES

Launch Vehcile Components Cost Study '
Lockheed Missiles and S.ace Company, Technical Report, Volume II, LMSC- 895429

June 30, 1965

Launch Vehicle Systems Cost Mcdel

Lockheed California Company, Technical Report, LR 17825, June 15, 1964

Spacecraft Cost Data Bank - Planning Research Corporation

Space Planners Guide -

- USKF, AF Systems Command, July I, 1965

" Synopsis of GSFC Accomplishments on Development of Cost Estimating Relationships........

for Unmanned Sateliite Programs
W. AT Mecca, Jr., Goddard Space Flight Center, March 1966

Results of Industrial Contacts with Nine Major Launch Vehicle and Spacecraft Contractors
PRC Data File

Anal‘ysis of NASA and JPL Cost Data on Ranger, Lunar Orbiter, Syncom, Surveyor,
Orbiting Astronomical Observatory Spacecraft -« PRC Data File .
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This realization posed no particular problem since launch vehi-
cles are usually inherited development, and facilities are either in-
herited from other programs or are carried in budgets separate from
a particular spacecraft system.,

In view of these considerations, the following general framework

for the hand cost model was adopted:

1. Launch Vehicle {(Procurement)
Subsystemsg =-~~c--=ceccseecccmcnccancac-aan CER's
Activities such as: =====~---- Sesecmmcmn—aca- CER's
Transportation

Launch Services
Acceptance Testing

Design/Development and First Unit Costs

2, Spacecraft {Design/Development and Fabrication)

Subsystems ====-=--e-c~ccccacoccoooo- ------CER's
Activities such as:
Systems Integration

Design/Development and First Unit Costs

3. Mission Support and Space Flight Operation

Program Management
Systems Engineering and Technical Direction (SETD)
Sterilization of Entry Capsule

Mission Peculiar Equipment at Space Flight Operations
Facility (SFOF) and Tracking Sites

DSN (Inherited)

Space Flight Operations

Post Flight Analysis

Management Implementation Modes:
Laboratory Management
Systems Management

Advanced Developmyent

Phases A, B, and C

Schedule/Program Changes
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C. Preliminary Cost Model

A preliminary cost model was prepared early in the smdy'.l This
approach not only provided an early output for spacecraft systems cost-
ing, but also served to emphasize the problem areas in deQeloping an
unmanned spacecraft cost model,

One difficulty that immediately became apparent was the defining
of subsystems and distribution of the weights to appropriate cost cate-
gories, This problem arises since different scientific and engineering
organizations use different names for subsystem hardware development
tasks. A simple, standardized weight distribution form solved this
problem and serves to display any judgments required. An example
is shown in Table IA.

Other problems were apparent in the preliminary cost model and
were overcome largely by further definition of the subsystems or by
addition, deletion, splitting, or combining subsystem categories. Costs
for transportat.ion, acceptance testing, and propellants were retained
for launch vehicle but dropped for spacecraft because of their minuscule
effect.

D. Final Cost Model

The final cost model is now presented. The individual items are
described in the following subsections: launch vehicle, spacecraft,
mission support, space flight operations, and management implementation
modes and management alternatives in schedule/program changes.

Subsection E contains a demonstration of the final cost mode! using
one past and one future space mission. The detailed CER's are shown

in this section,

1. Launcn Vehicle

The launch vehicle cost model is a building block approach
for estimating the cost of any combination of stages, engines, and either
LOX/RP-1 or L:OX/HZ fuel.

lil)evelom'nem of Cost Estimating Techniques and Relationships for Un=-

manned Space Exploration Missions, Planning Research Corporation,
Report D-1206, April 29, 1966,
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The launch vehicles used in planetary exploration have been sys-
tems that were operational--having been developed for other programs,
However, they were easily adaptable to planetary flights. Futuré plan-
etary programs are expected to also use launchvve}‘xicles that are avail-
able rather than developing special launch vehicles for this specific
program. Consequently, the launch vehicle cost model is based on
procurement costs of vehicle stages and engines that are in production.
Large solid rockets are not considered.

The cost elements for each stage are identified separately in the
model. Thus, in any stage, the three hardware items, structure, ’pxr'o-
pulsion, and guidance and control, are costed first, followed by trans-
portation, acceptance tests, launch services, and propellants. Two of

these elements, guidance and control and launch services, are not costs

which are applicable to each stage separately; they are a single cost for

each entire launch vehicle, However, the guidance and control is usu-
ally in the top stage, and in the subsequent demonstration, it has been
included as a part of the top stage. To simplify the cost model, the
launch services were also included in the upper stage,

A choice of learning curves is also provided since the learning
for various hardware items varies. significantly. After selecting an
appropriate learning curve and the production quantity, a learning fac-
tor is obtained from Exhibit LV-8, This learning factor, times the
first unit cost, provides the cost of the item under consideration. If
more'than one of the items is used per stage, then it is necessary to

make one more calculation, as shown in Table IIA. For planning pur-

".." " “poses, the following learning curves may be used:

Launch vehicle stages - 90 percent learning curve
Liquid engines 90 percent learning curve
Guidance and control 90 pércent learning curve

Cost estimating relationships (CER's) were developed for each of
the elements appearing in the launch vehicle model. The Space Planners

Guide” wasused as adeparture point since it provided reasonable initial answers..

I'l'he Space Planners Guide, USAF Report dated 1 July 1965,




RGO to. 66-60Y
PRC R-870
8

However, this information was updated with recent data from manufac-
turers and various NASA reports. Discussions with many NASA of-
ficials also provided information and an insight into judging the accu-
racy of the reported data. ‘

In some cases an entirely new CER was developed rather than
using the parameters depicted in past studies. This approach was used
when the new parameters appeared to provide a more easily understood
relationship. The CER for structures, Exhibit LV-1, is an example
where pounds of propellant was previously used as the quantifying param-
eter and cost in dollars as the resultant. It is believed that dollars-per- .
pound of structure provides a more meaningful comparison of one stage

structure with another than tota_l cost in millions of dollars.

2. Saacec raft

Spacecraft costs have been categorized largehly by the sub-
systems such as structure, propulsion, navigation and guidance, sta-
bilization and control, communication, and others. In addition, the
costs are further categorized into Design/Development and first unit
costs for hardware fabrication of test and flight articles. In tﬁis report,
" the cast of test and flight hardware is assumed to be at first unit cost
under ten spacecraft. For greater numbers of spacecraft the learning
curve factors can be used. ‘ o

The cost of aerospace ground equipment {(AGE), tooling, and special
test equipment are applied against Design/Development support only. In
a production program involving ten or more identical spacecraft, addi-
tional AGE, tooling and test equipmgﬁt would be required.

Systems integration costs as shown in Table III are required for
subsystem integration and one interface. For multiple module sf:ace-
craft the incremental cost of integration between modules is shown on
the summary sheet in Table IV and Exhibit 12A.

Environmental control systems costs (ECS) are usually large in

manned spacecraft; however, in the unmanned spacecraft analyzed, the
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ECS was largely thermal control and in most cases louvres or simple
structure. In view of this recurring situation ECS was deleted as a

cost category and the items were usually costed as structure.

Entry Capsule Sterilization

Sterilization of planetary spacecraft is expected to cause a
major change in assembly and test techniques. Clean rooms and re-
mote handling procedures are anticipated as minimum requirements.
This will result in a largeincreasein man-hours for assembly and test.

This increase is expected to be applicable only to that portion of
the spacecraft that must be sterilized. The actual increase in program
cost is expected to be a direct function of the present man-hour require-
ment for assembly and test.

The following formula has been developed to determine the per-
centage increase in total spacecraft program cost when a portion or all

of the spacecraft is assembled and tested under sterilized conditions.

1 W
S =7§ (f—l)(lOO)
where
S = percentage increase in total spacecraft program cost due
to sterilization
k = fraction of total spacecraft program cost for personnel,
i.e., {(k + material fraction and subcontract fraction) =
Wc = weight sterilized

Ws = total weight of spacecraft less expendables

f = factor by which man-hours must be increased to perform
sterilization _
N = number flight articles sterilized

The constant 1/4 is the ratio of the assembly and test cost without

sterilization, to the total spacecraft personnel cost, i.e., assembly and

" test account for approximately 25 percent of the total spacecraft person-

nel cost.

The constant 4 is the average number of flight articles in the pro-

grams from which this formula was derived.

o
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Inspection of two past programs shows that k = 0.40 , and Ex-
hibit 13, based on the above relationship, shows the sensitivity of total
spacecraft program cost to the factor by which assembly and test man-
hours must be increased due to sterilization. The exhibit also provides
this sensitivity for various ratios of the sterilized portion to the total
spacecraft weight.

For example, if the weight of the capsule on the Mars Advanced
Orbiter/Limited Lander that requires sterilization is 0.25 of the total
spacecraft weight, and if a man-hour factor of 5 is selected as the ex-
pected increase for sterilization, then the spacecraft program cost will
be increased by 10 pefcent. A manpower amplification factor of 5.0 is
recommended until current research in this area is completed,
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3. Mission Support and Space Flight Ope‘rations

Whereas previous sections of this report were concerned
with launch vehicle procufement and spacecraft design/development
and fabrication costs, this section is devoted to costs for mission sup-
port and space flight operations. | '

The cost categories considered here are the following:

Program Management V

Systems Engineering and Technical Direction (SETD)

Phases A, B, and C

Advance Development

Entry Capsule Sterilization

Facilities (General) )

Mission Peculiar Equipment (MPE) -

Mission Operations Training (MOT)

. Space Flight Operations )

Post Flight Analysis -

The cost for program management is largely attributable to sal-
aries and administrative support for the spacecraft system program
office; whereas the cost of systems engineering and technical direction
(SETD) is attributable to salaries, administrative support, and studies
to provide initial systems engineering and technical advice to the Space-
craft System Program Office.

Phases A, B, and C costs refer to system procurement phases:

Phase A- -Advanced Studies.

Phase B--Conceptual Design.

Phase C--Project Definition, System Design, and Critical
Hardware Development.

Advance Development costs refer to starting development of long
lead time items, initiating additional research and development in new

or unestablished technologies, such as sterilization procedures or entry

| capsule heat shield materials.

Sterilization costs refer to the increase in total spacecraft pro-
gram cost due to increased assembly and test manpower to sterilize the
entry capsule. Increases in the cost of facilities required by steriliza-

tion procedures are not considered.

| REOP{}C{R %‘;géé.ég/ |
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Sterilization costs are shown in Section D, {2} and CER 13.

Since general facilities such as tracking sites for the Deep Space
Net (DSV) are usually carried in other budgets or are at least not charge-
able to a particular program, only mission peculiar equipment located
at Space Flight Operations Facility (SFOF)' and DSN has been considered.
A CER for this equipment is shown in Exhibit 14.

Mission Operations Training ccsts refer to the training of per-
sonnel for mission operations in SFOF including the necessary software.
Space flight operatioxis costs as shown are solely cognizant scientific
and engineering personnel on duty at SFOF to ensure adequate and timely
command decisions regarding the spacecraft and mission sensors (or

experiments) during flight operations. Similarly, post flight analysis

cost is attributable to scientific and engineering personnel for a time

span.
Tables 1V, IVA, X, and XA illustrate the mission support and

spaceflight operations costs as well as the associated time phasing.



-7
NSQ ANV JOJS 1V 1502 (ZdNW) INTNAINOIT ¥VITNOId NOISSIAN - ¥1 LIFIHXI .
s8031s Bupioexy jo Jequnpn | 01 € 1
o« ] i T T7°
(bt .M TI - -l
ﬂw 4 ﬁr _ : 2 4 -4 4 ES o aen 20
o - : 1 m 44
> iith 3 i SRdRnm S
5 MGG NI RS ES
I E A tedd |
it I e L SRR
h i | L ENER
mo~@m~o - M 3 m.rm M W M* ] T3
HEIHEE | R ! T
- Tl s N
1030w g AR it M W 1] b g 0
o31g wesfoag = 2 w P m H | - ey k)
10 {1 il ERE €.
sIOYM ; W . ; .m
i i :
. HH il
{ T . _ 4 ﬂ i g
0£°0 =2 ] TT771701 a
. s )
BN 3
i A HHHH o
w % - e vo.l
"\\ 2 ) 0N 5 B o Vl
4 - s
‘\\A m -4 M r ) A‘r Arvml .'
!l i O 6 O Jouy
. : ﬁ e S
00°t = 2 I _ i -
1 ; h
I
jouuosaog ! ~ b . -
203 Buisnol ‘Jusw ﬁ .
-dinbzg uowwon w ! 1.4
J03u99) puRWILIOT) ; R S
m i




T

TEORR M. 6 6- 06

PRC R-870
15

4. Management Implementation Modes

The impact of management implementation modes on space-
craft costing can be considered by examining the two broad choices
available: .

a. An in-house laboratory developmen”t‘ where only mate-
rials and a few subsystems are purchased and all final assembly and de-
velopment testing is in-house. The Ranger Block III represents an ex-
ample of this laboratory management mode. ' ‘ :

b. A prime systems contractor is assigned responsibility
for overall spacecraft design, fabrication, and development teéting; The
Spacecraft Systermns Program Office would then perfoi-m the functions of
technical and administrative direction. The Surveyor project is an ex-
ample of this systems management mode, W

In general, an in-house laboratory mode is most desirable when 4
the root technology is not fully developed and small quantities of space-
craft and numbers of flights are involved. This mode is-also more com-
patible with small spacecraft (1,000 pounds dry weight). In contfast to
laboratory development, systems management is usually considered
when the project is large in resources required and the ront technology
is well established or easily extended in a small advanced development
phase carried along as concurrent development.

In order to quantify and compare these two management implemen-
tation modes, Exhibit 15 has been prepared, in which the nominal total - -
spacecraft program cost is based on an in-house laboratory development,
The nominal total program cost is based on the following premises:

a. Laboratory management and development

b, Professional manpower cost ($30,000 per-year)

c. Nonprofessional manpower cost ($20,000 per year)

d. The professional manpower consists of 45 percent of the total
project manpower. This is an average for the entire project since the |
earlier study phases usually have a higher percentage.

e. Only 40 percent of the entire program cost is attributable

topersonnel cost. The balanceisused topurchase material and subsystems.
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‘From Exhibit 15, it can be seen that the cost of the first mode,
laboratory management, can be adjusted by changing the percentage of
professionals assigned to the project. In this case, the effect on the
total project cost can be determined by proceeding along the line pass-
ing through the nominal-total-program cost. If the percentage of pro-
fessionals were to be held at 45, but the nonprofessionals were to be
paid only $15,000 per year instead of $20,000, then the effect on the
total p’roigram cost would be determined by proceeding vertically down-
ward through the nominal-total-program cost. The result would be a
saving of 4.5 percent,

If the second mode, systems management, were chosén,. Ait is
only necessary to know the professional manpower as a percentage of
the total, and the annual average Vpersonnel labor rate for professional
and nonprofessional manpower. Exhibit 15 is based on an annual labor
rate of $30,000 for professionals. If this figure were to vary by more
than $5,000, a new'exhiﬁi; should be prepared.

In the foregoing comparison of the two basic management modes,
it was assumed that the same tooling and special test equipment invest-
m;ent would be required in a laboratory development or a systems man-
agement program. . ,

An i1nspection of Exhibit 15 shows that under systems management,
a percentage decrease of 7 percent in total spacecraft program cost can
be realized if the professional manpower is 35 percent ( a common ratio
in the aerospace industry) of the total manpower, and the annual labor
rates are $30,000 and $15,000 for professionals and nonprofessionals,
respectively. Obviously these gains can be overshadowed by inefficiency

in program control and unexpected difficulties in technical development

requiring additional advanced development costs.

The 7-percent decrease in total spacecraft program cost shown in
the forégoing example is partially offset by an increase in SETD expense
in-house. This expense is a function of the number of persbrmel assigned
to this activity. Exhibit 15A is a plot whereby the cost of this manage-
ment aétivity is shown as a function of the ratio of the number of technical
in-house perscnnel to the number of technical personnel assigned to the

sroject by tie systems subcontractor.
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SETD Cost Factor, Kl
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Ratio of in-house SETD technical personnel to
technical personnel at major subcontractor
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EXHIBIT 15A - SETD COST
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5. Schedule /Program Changes

This subsection presents the variations in spacecraft total
program cost (STPC) for various program management alternatives,
the effect >n. STPC for parallel develnpment in high risk areas, and a
reschecduling of the launch and accelcrated development in the high risk
arcas. The ncmunal STPC for the Mars Advanced Orbiter/Limuted
Lander mission was used as the baseline estimate to derive the effect

of the program management alternatives on STPC.

a.A Nominal STPC

For the Mars advanced mission, the design and de-
velopment phase was four years; however, the results herein can be
applied to cther Phase D schedules. The nominal program cost as de-
scribed praviously amounted to S874.4 miilion. By an analysis similar
to that sreseatec in PRC Report D-1 302, increases in STPC were ce-

v2lized for *he modified cases as described below.

5. Parallel Development

Due to the launch cate constraint and a 24-mcnth man-
datsry delayv, a form of insurance 1s available by having parallel devel-
opment in selective high risk areas. No attempt was made in this study
to guantify risk, but rather, based on engineering judgment, high risk
items were chosen to be developed in parallel. The cost of the hrigh risk
items wzas zoudled to account for cevelopment of alternative designs.
Trn2 snacecraft high risk items chosen were the guidance and c2n-
trol and the electrical power (RTG) sudbsystems. An alternate entry cap-
sule was cncsen to be developed in parallel. Only one capsule would be
starilized. An alternate throttieable enzine design was chosen fcr par-

allel davelzzment for the prapulsion mcdule., The spacecraft suspors:

pme

55ts were (ncreased b the ratic »f the nonspacecraft suda>~rt szraila

(]

development cost to the nonspacecrait support nominal cost case. The

varallel development STPC was 5960.8 million.

c. Perind: Launc= Rescheduled

The nominal case with reschedule or postponement of

the launch at some pointwas now examined. The worst point to reschedule

¢
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will in general be at that point where the total spending rate is the highest,
With any percentage cutback the rate of spending to maintain the remain-
ing manpower and material will be a ma;.ximum. We have chosen the mid-
point of Phase D as the reschedule decision point (worst case). The high-
est program cost with a reschedule of the launch date will occur with no
cutback of manpower and material. A minimum expected cost would prob-
ably be something like a cutback of 2/3 with a linear buildup to the nom-
inal rate a year before launch. One can foresee litile variation in the

cost for the last year before launch. The maximum cost with reschedule
results in a cost of $1,151 million, while the minimum cost is $972 3 mil-

lion, compared to a nominal cost of $874.4 million.

d. Accelerated Development

A third case was studied, where initially, the nominal

program is chosen, and at a particular time (due to unforeseen difficul-

ties) the program spending is accelerated in the high risk areas in order
to meet the launch date. The high risk areas chosen were identical to

the parallel development case. In the case presenting the high risk area, '
spending was tvipled at the beginning of the second year of Phase D. Both

the time for accelerated development and the increase in cost were some-

~ what arbitrarily chosen; however, it lends insight into the magnifiéat_ion

of the STPC when rapid development is required. The accelerated costs-
also include increased space vehicle support costs. The total acceler-
ated cost was $1,050 million.

Thus, a CER for program management alternatives, with regard
to major schedule/program changes, has beendeveloped. The results

are presented in Exhibit 14,
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1.
&

3.

4.

- PROGRAM MANAGEMENT ALTERNATIVES

Schedule /ProgLram Changes

Nominal Program

- Parallsl Development (of alternate designs in high

risks sub-systems {rom the start of Phase D)

Accelerated Developmcnt (crash development of
three designs in each high risk sub-system from
the quarter-point of Phase D) :

Periodic Lannch Rescheduled (to next launch oppdr-
tunity at the mid-point of Phase D)

A. no cut-back in level of effort

B. a two-thirds funding cut-back with gradual
build-up reaching nominal spending levels one
year prior to launch .

% Increase in STPC

0

22.0
37.5

55.0

24.0
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E. Demonstration of the Cost Model

Two examples are used to demonstrate the cost model. The space
missions chosen are Mariner IV, an unmannedrMaVrs fly-by in 1964 and
an unmanned Mars Advanced Orbiter/Limited Lander in 1973-1975, The
description of the future mission and associated spacecraft was obtained
from Jet Propulsion Laboratory personnel and is used only to illustrate
a typical multi-module spaéecraft. No preference to this design candi-

date is implied or denied by its inclusion here.



PRC R-870
23

I. Mariner IV--Mars Fly-By in 1964

Distribution of Mariner IV Weights to Cost Categories

In order to display the weight distribution of the Mariner IV
spacecraft tothe appropriate cost categories, Table 1A has been pre-
pared. In general the method of distribution is obvious; however, some

remarks will be made to further clarify the table shown.
Structure

The principal items here are the primary octagonal
structure, solar panels less the solar cells, six electronic assembly
chassis, science platform structure, actuators, covers, superstruc-

ture, thermal control louvres and shields.

Electrical Power

The electrical power system is a paddle mounted solar
cell system and the principal weight items are solar cells, battery, con- -

version and regulation electronics.

Stabilization and Control

The subsystem is primarily a cold gas attitude control
system and the principal weight items are electronics, attitude sensors,
nitrogen gas, solar pressure-vane control assemblies, and two attitude-

control gas assemblies.

Navigation and Guidance

The guidance system is a radio command system sup-
plemented by the attitude control system and sensors discussed above.
The principal weight items are command electronics, central computer

and sequencer (CC%S) and other electronics,

Communications

Under communications the principal weight items are
RF transmitter and receiver and antennas,
Throughout Table IA the weight of the cabling has been distributed

to the using subsystems.
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TABLE IA - DISTRIBUTION OF hi.ARi.NER IV WEIGHTS TO COST CATEGORIES

Cost
Category

JPL Experiments or Navigation ' , Data Stabilization Electrical
Weights Mission Sensors and Guidance Communications Management and Control : Structure Power Propulsion

i

Structure (78.44) ' : ' o - 78.44

Antenna (7.43) _— ‘ 7.43

Radio (34.40) 34.40 -

Command (10.12) 10.12

Power (70.95) ‘ , : ' 70.95 lbs.
' : ' ' - (0.34 KW)

Solar Panels (79.02) : ' ' 44.62 34.40

CC:iS (11.38) 11.38

Data Encoder (22.43) 22.43

Data Storage (16.89) . | - R 16.89

Guidance and ’
Control (63.29) , 18.86 _ 45.43

. Actuators and

Pyrotechnics (12.21) ' | | | 12.21

Cabling (45.69) - T7.62 7.62 7.62 7.62 ' 7.62 7.62

Propulsion (45.55) ' | : . | | ~3.80 - 4375
e ’ i : (T = 50 lbs.)

Thermal Control (15.53) ' , o o B 1 15.53

Science (59.41) | 59.41

| - | |
Total (574.74)  67.03 - 47.98 49.45 46.94 | 53.05 i 162.22
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TAPLE I1a
LAUNCH VEHICLE COST
DR 7, S T R R cror [T
Atias D ; ; ; FIRST UNIT | "(IRST UNIT * COST OF |
. QUANTIFYING iPARAMETER REF. COsT STRUCTURE:  COST ';LEARWNG ITEM lREF- LEAR?:J\‘NG ‘ ITEM  NUMBER COST
srace L SNHEIE PARINETER BER (oouiRaen) VT LB ooliaRs)  CURVE | COSTED (CER PAUTER, (OUICARS), (TEKE,  20niAR)
e e e e e T v | © e
fans WT. (Tbs) - 34*’?{"“ LV -t z{,__ ©20 24,200 3,000,000 | 20 E 200 /-8 .33 {m{*"q‘)’g‘gu’_h_}'v e ”___,,,,-,4‘,,-;,:_\,‘;,(s-_ﬁ_&’_:}.,:l
; ! | t " a : S
Prepuision Enqine :‘,, ——— " Ex | T, o  mr 7 25 Bx. [ oo o0 heeooa b2 10, 000 |
| “heust (le) '154,300/700,000 iLV‘Z ryls,;,(’)gg/ﬁrc QG ;}30, 250 -8 0.40° 0 :qo,(;(l)\éfooo i - 5
% ; - PRCANA ¥ ; A
Guigance and Weight (ibs) ot applicable  Ex. ' t Ex .
Control to this stage Lv-3 L ; LvV-8
Tr"ansparfaﬂon? Staqe Dry — VEX.
Arc3! Weight (ibs) 27,500 V-4 3,400
Ship cr RaiV T
AccepTance . Staqe Gross _'_ ' EX. _ 210.000
Test | Weight (ibs) 273,000 [Ly-§ 210,000
Lavncn L.V. Gross N Ex. Not §pplical
Services weiqht (ibs) 376,000 LV-6 to-this-atags
Propeilants Propetlant Ex. b
———TTED 2 2 7, 6,170
Type | LOX-RP-1),y-7 r_&E’.,W b _}#¢ 47,500 0 _
TOTAL [ 7,429.570
Other Pertinent Data N
Engine Type | Liquid |

Engme Ory Weight
(2a) {ibs)

Srage ThrustT ( Ibs)

369,000
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Design and Space Flight
Phases A B C Development Operations

$0.73 [50.7353.66 |
Advanced
Development $3, 66
Program Management $3.66
Initial
SETD $1,40

SETD $1.53
" Launch Vehicle $22.53
Space Flight Operations $2,00
Post Flight Analysis - $4,00
1 i ' 4 1
0 1 2 3 4 5

Program Years

TABLE IVA - MARS MISSION 1964 COSTS IN MILLIONS
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TAD.. V - DISTRIBUTION OF ADVANCED MISSION WEIGHTS TO COST CATEGORIES, SPACECRAFT BUS (WT. = 3,635 LBS)
Cost Experi- | Naviga-
Categories ments tion Stabili- Prgpul- Propulsi
or and Commu- Data zation sion Elec- pulsion
JPL Mission Guid- nications | Manage- and Entry Module trical | Descent | Liquid } Retro
Items Weights | Sensors ance TT and C | ment Control | Structure | Structure | Structure | Power | System | Rocket Solid
Structure 1,000 1,000
Thermal Control 100 100
Radio 154 154
Command 30 30~
Power 1,015 1,015
C and S 70 70
Telemetry 173 173
Attitude Control 261 261
Pyrotechnics 36 36
Cabling 181 30 30 30 30 31 30
Data Storage 120 120
Science 495 495 |
Totals 3,635 525 100 387 150 292 1,166 1,015
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TABLE VIA - DISTRIBUTION OF ADVANCED MISSION WEIGHTS TO COST CATEGORIES, SPACECRAFT CAPSULE (WT. = 3,000 LBS)
Cost Experi~ | Naviga- o . . . .
Categories ments tion Stabili- pr‘_)P“l‘ i Propulsion
or and Commu- Data zation sion E}e_c- —
JPL Mission Guid- nications | Manage- and Entry Module trical | Descent | Liquid Ret.ro
Items Weights | Sensors ance TT and C ment Control | Structure | Structure Structure | Fower System | Rocket | Solid
Nonseparated Support Equipment | (517) :
Adapter 100 - 100
Sterilization Canister Aft. '
" Section 73 73
‘Capsule Separation ‘
Mechanism 7 15 15
Umbilical and Cabling 6 1.0 1.0 1.0 1.0 1.0 1.0
Sterilization Canister Sepa- A
ration Mechanism 10 10
‘Thermal Shielding 35 | 35
Contingency 278 1.2 | 1.2 1.2 1.2 1.1 272.1
Separated Support Equipment (142)
Sterilization Canister ' , ;
Fore Section 92 _ ‘ 92
Sterilization Canister Sepa- ’ . '
ration Mechanism 10 ' 10
Sterilization Canister Vent 5 5
Thermal Shielding 35
Separated Capsule Subsystem (596) ]
Propulsion 550 ‘ 350
Propulsion Thrust _ ’
Structure - ' C : 26 .
Propulsion Separation - ' , :
Mechanism 20 _ 20




TABLE VIB - DISTRIBUTICN OF ADVANCED MISSION WEIGHTS TO COST CATEGORIES, SPACECRAFT CAPSULE (WT. = 3,000 LBS)

Cost ! Exp_e“rit> Na\:'iga- B N T [
Categories m::tb 223 Commu- Data Szt:t‘;::)lrt- p:?‘f:l- Elec- Propu}sion
JPL . Mission Guid- | nications | Manage- and Entry Module trical | Descent | Liquid | Retro
Items Weights Sensors ance TT and C ment Control | Structure | Structure | Structure Pof‘ver System | Rocket | Solid
Entry Capsule Subsystem (500)
Aeroshell Structure 167 ' 167
Aeroshell Heat Shield 159 o | 159
Paint 12 12
Capsule Separ:t_ion )
Mechanism 15 15
Entry Subsystem Support '
Structure 15 15
Attitude Control System 36 36
Contingency 96 ! 8.5 42.5 45.0
$ Entry Subsystems (680)
a Sterilization Support 9 9

Entry Payload 30 30
Relay Radio ) 48 48
Pyrotechnics | 18 18
Power 100 ) 100
Payload Structure 45 45
Cabling 50 10 10 10 P10 10
Attitude Control Electronics 24 L 24
Temperature Control 20 - | 20 -

‘: Sequencer 21 | “ 21 ;

- Antenna (2) and Support . ‘
Structure 24 i 24
Altimeter Subsystem 25 B ,Y 25 -
Supersonic Parachute 200 200

| Contingency 66 4.3 | . i1l Ja_:t_{i ’:“64 10.9 | 107 | 215

y‘“‘&\\
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TABLE VIC - DISTRIBUTION OF ADVANCED MISSION WEIGHTS TO COST CATEGORIES, SPACECRAFT CAPSULE (WT. = 3,000 LBS)
Cost ’ Experi- | Naviga- _ :
Categories ments tion ' Stabili- 7 ; Propul- Propulsion
or and Commu- Data zation sion Elec-
JPL Mission Guid- | nications { Manage- and , Entry Module trical | Descent | Liquid | Retro
Items Weights | Sensors ‘ance TT and C ment Control | Structure | Structure ; Structure | Power | System | Rocket | Solid

Landed Weight (565)

Impact Limiter ‘ 255 ‘ o 255

Impact Limiter Cover 21 i 21 .

Temperature Control 18 ' 18

Erecting Devices 11 11 i

Structure and Cabling 46 - 46

Science Subsystem 25 25 )

Direct Radio ‘ 3 » ' 3 N

Power Sequencing 40 i N ’ L 40

Power Timing 6 6 '

Data Handling | 3 3

Data Storage - 8 8

Pyro and Impact ' '

Limiter Removal 4 : 4 , .
Subtotals 2,875 71.5 125.3 24.3 112.1 1,196.5 420.7 B 150.7 221.5 576 = 2,875.1
Contingency 125 3.1 5.5 -~ 1.1 4.9 51.1 10.3 6.5 9.6 25 = 125.0
Totals 3,000 . 74.6 ' 130.8 25.4 117.0 | 1,247.6 431.0 157.2 231.1 601 3,000.1
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SPACEC RAFT COST

PROGRAM “fars Advanced Orbiter/ Limited Lander
fAOOULE Propulsion Modnlz
- I A I 'oESIGN/ | IPARAMETER |FIRsT! ~NO. | cOsTor NO.
TUST QUANTIEYING ' PARAMETER « REF DEV'UFT| REF | OUTPUT L UNIT | TEST TEST | FLIGHT
CATEGORIES  OESCRIPTION PARMETER | (NPUT  ~ CER | COST  CER' OOLLARS/— COST ,ggﬁlﬁgs ARTICLES | ARTICLES
STrucfure | , Wethf (lbs) 1,600 Y 32.3¢ 18 u,soos,Lb SRED 5 22,400 4
Propulsion | weignt (ibs) 1A 118
Module
Structure
AR _ S S _ - - i
Enfry . Weight (ibs) tA 18
Structvre :
PrOPU‘S'On Liquid ! Thrusf (le) 12,000 2A 6.40 28 16.1$/1b | ©0.193 5 0.%5 4
; V g L R SR SN SRR S B SRRSO SR
Refro Proputsmn Solid ‘ Wethf (\bs) 3A 38
, y! A S — _ - _
, Navugahon 1 ' Weight (Ibs), 4A 48
and |
Gundance »
—— S - — - - e e e S Y N U — e e _— S e e e e e S ——
Stabilization | We\th (ibs) 5A 58
and Conftrol
COmmunlcaflbua Weight (Ibs) 6A 68
Dafa Weiqht (ibs) 7A 18
Manaqemenf - '
Electrical ' Kilowatts 8A gs
Power :
Oescent System Entry Wt (1bs) 9A 98
Experiments Weight (1bs) 10A ) 108
or Mission - - :
sSensors .
AGE - 51c Dry wt. (abs) 2,000 1A 14.70 | —
Tooling and Sp SIC Dry Wt (tbs); 2,000 1A 0.30 —_—
Test Equipment :
IS T B = —— P "“t’w*- R TS TS TS TR DTN T — e - e 2 = em e § P . & e
TOTALS i f vy 5900 Y 1,673 23.305 |2
o T - tmem o e e ¥ T T o ? b - oo T S N . LRty e - T -
Systems V 1+ 2 = i 12A
Integration ; | 1830 % 10° 395

370 -

41
COST OF |TOTAL
FLIGHT | HROW
ARTICLES | COST
17.920 40.32

CR T e 2

18.692

0.772 1.737

e e i il

il i 4

A TR ]

42.057

‘s SE

R L T
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F. Scope and Accuracy of the Cost Model

The launch vehicle costs were considered as procurement costs
only with the cost of any development considered to be negligible or in-
herited from other programs. Solid rockets were not considered.

The liquid rocket stages considered were LOX/RP-1 and LOX/VLHZ.
It is felt that the use of Exhibit LV-1 for the cost of LOX/RP-1 stages
will result in an error not to exceed % 10 percent; but that the use of the
cost curve for LOX/LI--Iz stages will result in an error on the low side
between zero and 44 percent in the region of propellant weights of
1,000,000 pounds and greater. The reason for this error is traceable
to meager data points and the influence of one particular program. For
the Saturn V Launch Vehicle cost, the cumulative error (on the low side),
considering all three stages, is estimated not to exceed 18 percent.

Within the spacecraft subsystem cost ‘categorie:. the errof in
Design/Development costs is estimated at +40 to 45 percent, whereas
the: first unit costs are estimated to be 25 to 30 percent. The reason
for the greater errors in Design/Development costs are largely two-
fold: (1) meager data in segregating Design/Development costs; and
{(2) the difficulty in quantifying the impact of inherited development from
past programs.
| With regard to size of spacecraft to be costed by this method, it
is felt that the costing errors stated above increase substantially if the
total dry weight of the spacecraft is less than 150 to 200 pounds or more
than 10,000 to 12,000 pounds,

Whereas the distribution of costs to Design/Development and first
unit costs were engineering judgments in some of the past programs
analyzed,- the total program costs are estimated to be in error by not
more than 25 percent.

The costs shown in this rebort are based on 1965 dollars., For
future years, the costs obtained from this model should be escalated

by three percent per year since 1965.

G. Recommendaﬁons for Future Cost Aécounﬁng

Part of the purpose of a cost model is to establish a framework

for evaluating and displaying data on future spacecraft programs. As
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mentioned previously in subsection II. B, the initial cost categories
chosen are closely related to the quantity of cost data available in these
categories; however, it seems appropriate to make some recommenda-
tions for future cost accounting at this time.

As the size of unmanned spacecraft programs grows, it appears
particularly important to establish new cost categories as follows for
both the launch vehicle and spacecraft:

o Design
Fabricate and Assemble Test Hardware
Fabricate and Assemble Flight Hardware
Ground Development Testing
Space Flight Operations
It is also suggested that these categories be used within each sub-

0o 0 0 ©

system and related activities where appropriate--for example:

Utilization of Cost Categories

Tooling and
Spacecraft Data . Special Test
Subsystem Management AGE=# Equipment¥®
Design Yes Yes Yes
Fabricate and Assemble
Test Hardware Yes Yes Yes
Fabricate and Assemble
Flight Hardware Yes No ‘ Yes
Ground Development
Testing ' Yes Yes Yes

Space Flight Operations No No Yes, for mis-
. sion peculiar
equipment at
SFOF

* For Data Management

In this way, design costs can be segregated from ground testing,
and the level of ground testing and its influence on subsequent reliabil-

ity achievement assessed.
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Definition of Terms Used in.thé Cost Estimating Relationships (CER)

Structure

The structure consists of the main load carrying members, the
outer skin, adapters, thermal control louvres and shields, solar panels,
supporting structure for various instruments, mechanisms, actuators
for unmanned unpressurized spacecraft.

The propulsion module structure is principally the tank or pres-
sure vessel for the propellants named.

The entry vehicle structure is the entire aero-shell structure
including the heat shield, shingles and supporting structure.

Propulsion ‘ 4

The propulsion module engines are liquid rockets and their asso-
ciated turbo-pumps, valves, thrust vector controls and plumbing. The
retrorockets are small solid rockets including the case with no thrust
vector controls.

Navigation and Guidance

The navigation and guidance system costs shown apply to inertial
systems and radio command systems and consist of such items as the
central computer and sequencer (CC and S), stellar navigation sensors,
inertial platforms, accelerometers, and the command system and asso-
ciated electronics.

i_t.‘arbilization and Control

This subsystem consists largely of the attitude control systems
such as momentum storage, gravity gradient and cold gas systems

and include such items as gas storage tanks, reaction jets, valves,
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servo-valves, gyroscopes, momentum wheels, star and planet seekers,
associated electronics and intercommecting cabling.

Communications

Communication subsystems have been divided into two categories,
tracking, telemetry and command (TT and C) and relay. Tracking, telemetry
and command has been defined to include the beacons used to aid radar
tracking, the. transmission of all data from primary mission sensors, |
the teiemetry of engineering data and the command receivers used to
control the functions of the spacecraft. Relay communications include
only those systems or portioné of systems used to receive and re-transmit
rﬁe'ssages originating outside the spacec raft.

Data Mana gement

This subsystem consists of the data encoder, data storage and

related cabling.

Solar Cell Electrical Power

The silicon solar cell has been, and remains, the m:ijor source
of electrical power for spacecraft, The appreciable cost of assembly
and interconnection may be reduced by using the larger 2 x 2 cm. cells
now being offered in addition to the standard 1 x 2 size. Still greater
economy may be available when flexible, film arrays beéome available,
IWhile present systemvsjall use the same photovoltaic mechaniem, Atwo
mbunting methods, body mounted and fixed and moveable paddkles. are
used, leading to different costé, Two separaté curves are prévided for
Design/Developmept costs to reflect the differences between the paddle
and body mounted approaches while onerco'nsolidate‘d cixr’ve has been

presented for first unit costs.
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Solar Dynamic Electrical Power

The principal system presently under developraent for the dynamic
conversion of solar energy is the Brayton cycle using an inert gas to
drive aturbo-generator. The design of a solar concentrator, heat re-
ceiver and storage unit continues to be a problem. Nc‘> operational
space system reference points are available for tﬁese systems. The
Stirling cycle piston engine has shown some promise also.

Fuel Cells Electrical Power

The present state of the art in fuel cells is defined by the status
of the three major development program#:

1. An ion exchange membrane

2. A modified Bacon cell

3. A low temperature system using an asbestos matrix

"In all three the fue!l is hydrogen and oxygen and the by-products
are water and heat. The exhibits show typical costs for such systems.

Isotope (RTG) Electrical Power

Isotope fueled thermoelectric power supplies are currently re-
ceiving most of the development funding for nuclear power systems.
Primarily two fueis are being considered, Plutonium 238 (half life 86
years) for long lifetime missions and Polonium 210 (half life 139.days)
for short missions. Despite its high cost Plutonium 238 is considered
for the longer duration missions. The difference in fuel cost is reflected
in the exhibit for first unit éost where two curves are shown for the two
fuels. Only one curve is shown in the Design/Development exhibit since
the development costs are essentially independent of the particular

isotope fuel used.
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Nuclear Reactor Electrical Power

The three basic nuclear reactor power conversion systems are
thermoelectric, thermionic and turbogenerator. At the higher power
levels where all the attention was once concentrated on the turbo gemerator

systems, the thermionic systems are now being considered. At the

lower power levels the thermoelectric systems are considered due to

their apparent longer life and higher reliability due to the absence of
moving parts.

Batteries

The costs shown refer to silver-zinc batteries. The Design/

Development costs are insignificant and are therefore omitted. Since
these batteries have been produced for some time in large quantities

; - current costs reflect production efficiencies and no learning curve con-

siderations will lower the costs appreciably.

Descent System

The descent system refers to parachutes, attachment fitings. and
containers only. The Design/Development costs vary considerably with
the M‘lach number and altitude of the parachute deployment due principally
to the cost of simulating the test conditions. The first unit costs are not
sensitive to these test conditions within the ranges of values considered.

Mission Sensors

The mission sensors (or experiments) considered here refer to
TV systems, IR systems, UV telescopes, magnetometers, IR specto-

meters and other instruments to support particular experiments.

FiiN
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Ratio of in-house SETD technical personnel to
technical personnel at major subcontractor
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EXHIBIT 16

4.

- PROGRAM MANAGEMENT ALTERNATIVES

Schedule /Prclgram Changes

Nominal Prqgram

Parallel Development (of alternate designs in high
risks sub-systems from the start of Phase D)

Accelerated Development (crash development of
three designs in each high risk sub-system from
the quarter-point of Phase D)

Periodic Launch Rescheduled (to next launch oppor-
tunity at the mid-point of Phase D)

A. no cut-back in level of effort

B. a two-thirds funding cut-back with gradual

build-up reaching nominal spending levels one
year prior to launch

% Increase in STPC
0

22.0

37.5

55.0

2400
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SPACECRAFT COST

[

: 4

COHURWGS Loy

PROGRAM ..
MODULE
DESIGN/ PARAMETER |FIRST NO. COST OF NO.
COST QUANTIFYING | PARAMETER | REF [DEV'L'PT| REF| outpPuT |uNiT | TEST TEST | FLIGHT
CATEGORIES | DESCRIPTION| PARMETER | INPUT CER | COST | CER |DOLLARS/— | COST | ARTICLES |ARTICLES | ARTICLES
Structure Weight (ibs) 1A 18 -
Propulsion Weight (ibs) LI1A 118
Module .
Structure
Entry Weight (ibs) A 18
Structure
Propulsion Liquid Thrust (1bs) 2A 28
Retro - Propulsion Solid Weight (1bs) 3A 38
Navigation Wweight (ibs) 4A 48
and ;
Guidance N
Stavilization Weiqht (ibs) 5A 58
and Controfl
Communications Weaight (ibs) 6A 68
Data Weight (1bs) TA 18
Management
Electrical Kilowatts 8A g8
Power
Oescent System Entry WL (1bs) 9A 98
Experiments Weight (ibs) 10A 108
or Mission .
Sensors A
- - __._+._ -
AGE SJ/C Dry Wi. (ibs) A —_—
Tooling and Sp. $/C Ory Wt. (ibs) 1A -t 1 B
Test Equipment
— — SRR B SR s Yoo
TOTALS vy O _ @
— — == —_— — e e — —= S— N
Systems o +(2) = 12A ’
integration

i
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